We present Submillimeter Array (SMA) observations of several deuterated species in the disk around the classical T Tauri star TW Hydrae at arcsecond scales, including detections of the DCN J=3-2 and DCO + J=3-2 lines, and upper limits to the HDO 3 1,2 -2 2,1 , ortho-H 2 D + 1 1,0 -1 1,1 and para-D 2 H + 1 1,0 -1 0,1 transitions. We also present observations of the HCN J=3-2, HCO + J=3-2 and H 13 CO + J=4-3 lines for comparison with their deuterated isotopologues. We constrain the radial and vertical distributions of various species in the disk by fitting the data using a model where the molecular emission from an irradiated accretion disk is sampled with a 2D Monte Carlo radiative transfer code. We find that the distribution of DCO + differs markedly from that of HCO + . The D/H ratios inferred change by at least one order of magnitude (0.01 to 0.1) for radii <30 AU to ≥70 AU and there is a rapid falloff of the abundance of DCO + at radii larger than 90 AU. Using a simple analytical chemical model, we constrain the degree of ionization, x(e-)=n(e-)/n(H 2 ), to be ∼ 10 −7 in the disk layer(s) where these molecules are present. Provided the distribution of DCN follows that of HCN, the ratio of DCN to HCN is determined to be 1.7±0.5 × 10 −2 ; however, this ratio is very sensitive to the poorly constrained vertical distribution of HCN. The resolved radial distribution of DCO + indicates that in situ deuterium fractionation remains active within the TW Hydrae disk and must be considered in the molecular evolution of circumstellar accretion disks.
INTRODUCTION
Millimeter-wave interferometers have imaged the gas and dust surrounding over a dozen T Tauri and Herbig Ae stars (see Dutrey et al. 2007 for a review). These studies demonstrate the potential to dramatically improve our understanding of disk physical and chemical structure, providing insights that will ultimately enable a more comprehensive understanding of star and planet formation. As analogs to the Solar Nebula, these circumstellar disks offer a unique opportunity to study the conditions during the planet formation process, especially the complex chemical evolution that must occur. In the outer parts of the disk directly accessible to millimeterwave interferometry, observations of deuterated species are particularly important because they can constrain the origin of primitive solar system bodies such as comets and other icy planetesimals.
Deuterated molecule chemistry is sensitive to the temperature history of interstellar and circumstellar gas, as well as to density-sensitive processes such as molecular depletion in the cold (< 20 K) and dense (> 10 6 cm −3 ) disk midplane. The similarity of molecular D/H ratios between comets and high mass hot cores has been used to argue for an "interstellar" origin of cometary matter, but ambiguity remains and this argument is not se-cure (Bergin et al. 2007 ). Aikawa & Herbst (1999) investigate the chemistry of deuterium-bearing molecules in outer regions of protoplanetary disks and find that molecules formed in the disk have similar D/H ratios as those in comets. To date, the determination of D/H ratios in disks has been limited to the measurements of DCO + /HCO + in two classical T Tauri Stars (cTTs) with single dish telescopes (TW Hydrae, van Dishoeck et al. 2003 ; DM Tauri, Guilloteau et al. 2006 ), but DCO + has not been observed in comets. Although H 2 D + and HDO lines have been detected in disks (Ceccarelli et al. 2004 , there are no corresponding H + 3 and H 2 O observations that allow derivations of the D/H ratio. Therefore, direct measurements in disks of species observed in comets, such as DCN and HCN, will be important to help relate deuterium fractionation in disks to that in comets.
Deuterated molecules in cold pre-stellar and protostellar cores are found to be enhanced by orders of magnitude over the elemental D/H abundance ratio of 1.5×10 −5 through fractionation in the gas phase at low temperatures, an effect driven primarily by deuterated H + 3 , which is formed by exchange reaction between H + 3 and HD, then transfers its deuteron to neutral species. Theoretical models of disks (Aikawa et al. 2002; Willacy 2007) with realistic temperature and density structure show that the DCO + /HCO + ratio increases with radius due to the decreasing temperature moving out from the star. Spatially resolved data of deuterated molecules will help test disk physical models through these chemical consequences.
The current capabilities of millimeter-wave observatories are limited both by sensitivity and by the small angular size of circumstellar disks, which makes spatially resolving the deuterium fractionation difficult. In this work we take advantage of the proximity of the most nearby classical T Tauri star, TW Hydrae, which is surrounded by a disk of radius 3.
′′ 5, or 200 AU at a distance of 56 pc (Qi et al. 2004) , and a possible orbiting planet of mass (9.8±3.3) M Jupiter at 0.04 AU (Setiawan et al. 2008) , to study the physical and chemical structure of a protoplanetary environment at high spatial and spectral resolution using interferometry. The TW Hydrae disk is viewed nearly face-on, and so is well posed to investigate the radial distribution of molecular emission. Although the current angular resolution of ∼1-2 ′′ places only a few independent beams ( or 'pixels') across the disk, effectively improved resolution of the disk chemistry can be achieved thanks to the fact that the gas kinematics are essentially Keplerian. Beckwith & Sargent (1993) show that molecular line emission from Keplerian disks displays a "dipole" pattern near the systematic velocity due to the shear created by the orbital motion. The emission near the systemic velocity is dominated by the outer disk regions, and the separation of the emission peaks depends sensitively on the abundance gradient of the emitting species with radius. This important feature, commonly seen in velocity channel maps of disks with a range of inclination angles (even as small as 6-7 degrees in the case of TW Hydrae, Qi et al. 2004) , may be used to study the radial distribution of molecular emission far more precisely than is afforded by the limited number of "pixels" provided by the available resolution.
Here we report on Submillimeter Array (SMA) 5 ) observations of deuterated species in the disk around TW Hydrae, including the first detection and images of DCN and DCO + . In §2 we describe the observations, while in §3 we introduce the analysis method used and the molecular distribution parameters derived. We describe the model fitting results and discuss the implications in §4, and we present a summary and conclusions in §5.
OBSERVATIONS
All of the observations of TW Hydrae (R. Table 1 and Table 2 summarize the observational parameters for the detected and undetected species, respectively. The SMA receivers operate in a double-sideband (DSB) mode with an intermediate frequency band of 4-6 GHz which is sent over fiber optic transmission lines to 24 "overlapping" digital correlator "chunks" covering a 2 GHz spectral window. Two settings were used for observing the HCN/DCN and HCO + /DCO + lines: at 265.7-267.7 GHz (lower sideband) the tuning was centered on the HCN J=3-2 line at 265.8862 GHz in chunk S22 while the HCO + J=3-2 line at 267.5576 GHz was simultaneously observed in chunk S02; at 215.4-217.4 GHz (lower sideband) the tuning was centered on the DCO + J=3-2 line at 216.1126 GHz in chunk S16 while the DCN J=3-2 line at 217.2386 GHz was simultaneously observed in chunk S02 (the HDO 3 1,2 -2 2,1 line at 225.90 GHz was also covered in the USB in chunk S06). Combinations of two array configurations (compact and extended) were used to obtain projected baselines ranging from 6 to 180 meters. Cryogenic SIS receivers on each antenna produced system temperatures (DSB) of 200-1400 K at 260 GHz and 100-200 K at 210 GHz. Observations of ortho-H 2 D + and H 13 CO + were simultaneously carried out (in the dual receiver observational mode) on 28 December 2006 using only the compact array configuration. Three out of eight antennas were equipped with 400 GHz receivers (DSB system temperature between 400 and 800 K) and were available for observations of the 372. Qi et al. 2006) . Calibrations of the visibility phases and amplitudes were achieved with interleaved observations of the quasars J1037-295 and J1147-382, typically at intervals of 20-30 minutes. Observations of Callisto provided the absolute scale for the calibration of flux densities. The uncertainties in the flux scale are estimated to be 15%. All of the calibrations were done using the MIR software package 6 , while continuum and spectral line images were generated and CLEANed using MIRIAD.
SPECTRAL LINE MODELING
Several model approaches have been developed to interpret interferometric molecular line and continuum observations from disks (Dutrey et al. 2007 ). In brief, the approach of Qi et al. (2004 Qi et al. ( , 2006 works as follows: the kinetic temperature and density structure of the disk is determined by modeling the spectral energy distribution (SED) assuming well mixed gas and dust, with the results confirmed by the resolved (sub)mm continuum images. Then, a grid of models with a range of disk parameters including the outer radius R out , the disk inclination i, position angle P.A. and the turbulent line width v turb are produced and a 2D accelerated Monte Carlo model (Hogerheijde & van Flower (1999) ; the rate coefficients for HCN and DCN in collisions with H 2 have been scaled from the rate of HCN-He calculated by Green & Thaddeus (1974) . The model parameters are fitted using a χ 2 analysis in the (u, v) plane.
In the studies by Qi et al. (2004 Qi et al. ( , 2006 , the distribution of CO molecules was assumed to follow the H nuclei as derived from the dust density structure and a gas of solar For first-order analysis in the radial molecular distributions, the column densities are assumed to vary as a power law as a function of radius:
Here Σ i and p i describe column density distribution of a specific species (i) rather than disk (hydrogen) column density. In most disk models to date, a single radial power-law is adopted for fitting the hydrogen or dust surface density. By assuming CO follows the distribution of hydrogen column density, Qi et al. (2004 Qi et al. ( , 2006 ) also find satisfactory power-law fits for multiple CO transtions. When a single power law is insufficient for fitting the radial distribution, then a broken power law with two different indices will be used.
To calculate the surface density at different radii, the vertical molecular distribution is needed, but this distribution may well vary with distance from the star. However, theoretical models (Aikawa & Nomura 2006) indicate that the vertical distribution of molecules at different radii is similar as a function of the hydrogen column density measured from the disk surface, 5 of Aikawa & Nomura (2006) , the vertical distribution of molecular abundances shows a good correlation with Σ 21 . Figure 1 shows a schematic diagram of an arbitrary distribution of a molecule in disk where the x-axis shows Σ 21 and the y-axis shows the normalized molecular fraction. Smaller Σ 21 values (to the left of the plot) approach the surface of the disk, while larger Σ 21 values (to the right) approach the midplane of the disk. For modeling, we make the further simplifying assumption that gaseous molecules exist with a constant abundance in layers between σ s and σ m , the surface and midplane boundaries of Σ 21 , respectively, as indicated in Figure 1 by the shaded area. While the vertical distribution of molecules in disks may have a more complex distribution than assumed here, the adopted parameters provide a gross approximation to the vertical location where the species is most abundant. This is adequate for a first description, given the quality of the data available. For example, the model of Aikawa & Nomura (2006) shows two vertical peaks of HCO + , but the secondary peak is an order of magnitude smaller, and provides effectively negligible emission. Also, at least for the nearly face-on disk of TW Hydrae, the uncertainties in vertical distributions do not affect the derived radial distribution.
This simple model captures the basic characteristics of three-layered structure predicted by theoretical models. Using the new distribution parameters: Σ i (10AU) and p i (radial), σ s and σ m (vertical), the radial and vertical distributions of the molecules in disks can be constrained by observation. The best fit model is obtained by minimizing the χ 2 , the weighted difference between the real and imaginary part of the complex visibility measured at the selected points of the (u, v) plane. The χ 2 values are computed by the simultaneous fitting of channels covering LSR velocities from 1 to 4 km s −1 . R out and p i are calculated on grids in steps of 5 (AU) and 0.2, respectively. log (σ s ) and log (σ m ) are calculated on grids in steps of 0.2 within the range from −2 to 2. Σ i (10AU) and i are found with each pair of radial and vertical distribution parameters by minimizing χ 2 . The systemic velocity V LSR is fit separately since it is not correlated with those distribution parameters. For each fit parameter, the 1σ uncertainties are estimated as χ Figure 3 shows the density and temperature contours of the disk model (adopted from Calvet et al. 2002) and the locations of HCO + and HCN derived from the model fitting procedure. Figure 4 shows the radial distribution of the molecular column densities of the best fit models for HCO + , DCO + and HCN. Not surprisingly, we found that the radial distributions are better constrained than the vertical ones: the local minimum of χ 2 for different grids of vertical parameters are within the noise limit, i.e. the vertical parameters are the least well determined, due in part to the face-on nature of the TW Hydrae disk. We therefore treat the best-fit vertical results as fixed, and investigate the uncertainty of other parameters.
HCO
+ and DCO
+
The first detection of DCO + in the disk around TW Hydrae was obtained by van Dishoeck et al. (2003) with the James Clerk Maxwell Telescope (JCMT), who reported a beam-averaged DCO + /HCO + abundance ratio of 0.035. Our spatially resolved observations of the DCO + and HCO + J=3-2 emission from the disk suggest a more complex chemical situation. Figure 5 shows the channel maps of HCO + J=3-2, together with the best-fit model and the data-model residuals. Table 3 lists the best-fit model parameters. The χ 2 surface for the radial power index p HCO + and the outer radius R out is shown in the top panel of Figure 6 . Figure 7 presents the best-fit model spectra of H 13 CO + J=4-3 overlayed on the SMA data.
The vertical distribution of DCO + is even less well constrained than that of HCO + , and we choose to adopt the same values of σ s and σ m for both HCO + and DCO + (as indicated in Table 3 ). Because of the nearly face-on viewing geometry for the disk, the fitting of radial distribution power-law index p i is not affected significantly by the uncertainties in vertical structure, but only the value of Σ i (10AU) needs to be adjusted.
Examination of the channel maps shows upon inspection that the radial distributions of DCO + and HCO
are different. To demonstrate how differences in the radial distribution affect the resulting images, Figure 8 presents three models of DCO + radial distribution and Figure 9 shows the corresponding simulated channel maps of the DCO + J=3-2 line. Model 1 assumes that the DCO + distribution follows the best-fit model of HCO + . The minimum χ 2 is determined to be 575396 and the corresponding DCO + /HCO + is found to be 4.7 × 10 −2 . Comparing the simulated maps from Model 1 with the data in Figure 9 shows a distinct difference in that the double peaked nature of the central channel in the data is more obvious than in this model. The contrast of the contour levels between the central channel and the adjacent channels are also smaller in the data than in this model. Because the emission of the central channel mostly originates at large disk radii, these differences suggest that the DCO + emission arising from the outer regions of the disk is stronger than predicted by this model. The slope of radial DCO + distribution does not decrease as steeply as does HCO + . In other words, the D/H ratio must increase with increasing radius.
Model 2 shows the best-fit result for the radial distribution of DCO + assuming a single power index. As shown in Figure 4 , the radial distribution of DCO + is strikingly different from that of HCO + , with a positive power index of 2.4 and a smaller but better constrained R out 90±5 AU. The contours of the iso-χ 2 surface for DCO + in the middle panel of Figure 6 indicate that the uncertainty of the radial power index is very large but that the index is still larger than 1.6 within the 1σ error, much larger than −2.9 found for HCO + . The simulated DCO + channel maps for Model 2 shown in Figure 9 are an improvement over Model 1 in matching the data. However in this model, R out (∼ 90 AU) is much smaller than the disk radius observed with HCO + and CO (∼ 200 AU) and DCO + increases with radius but then disappears sharply at R out ∼90 AU, as a step function, which is hard to understand. Comparison with the data shows that there are fewer complete contours around the double peaks in the central channel, which suggests that the DCO + emission is maximum at an intermediate radius 200 ± 10 90 ± 5 160 100 ± 10 Column Density at 10AU: Σ(10AU) (cm −2 ) 3.8 ±0.5 × 10 15 1.9±0.2 × 10 10 4.8 × 10 6 2.4±0.4 × 10 14 Radial power index: p -2.9 ± 0.3 2.4 ± 0.8 7,-6 c -1.0 ± 1. rather than at the edge.
For Model 3, instead of using a single power index (p) to fit for the radial distribution of DCO + column density N(DCO + ), the fit uses two power indices (p1 and p2) and a turning point (R t ) where the power law index changes from p1 to p2, i.e. the location of the peak of N(DCO + ). The parameters p1, p2 and R t are searched within limited grids to minimize χ 2 . In this model, N(DCO + ) is found to increase with radius out to ∼ 70 AU, and then to decrease. Table 3 presents the best-fit parameters; no error estimation is provided due to the computation difficulties. Figure 9 shows the best-fit model images. Comparison of Model 3 with the data shows a visual improvement over Model 2 in the central channel, although the χ 2 value of the two models are not distinguishable. We thus cannot clearly discriminate with the χ 2 statistic if there is indeed a peak with radius for N(DCO + ) as in Model 3, or if DCO + increases with radius and disappears suddenly around 90 AU as in Model 2. Even with this ambiguity, however, both models imply that the D/H ratios change by at least an order of magnitude (0.01 to 0.1) from radii <30 AU to >70 AU and that there is a rapid falloff of N(DCO + ) at radii larger than 90 AU. Because the emission in the central channel comes from the outer part of the disk (Keplerian rotation) projected along the line-of-sight with a very small inclination of around 7 degrees for TW Hydrae, the central velocity channel is most important for constraining the radial distribution. Based on the difference in the central velocity channel map between the models, we believe Model 3 is the more plausible description of the radial distribution of DCO + . Figure 10 shows the channel maps of the DCO + J=3-2 emission, together with those of Model 3 and the data-model residuals. Observations of deuterated molecular ions and the level of deuterium fractionation have been used to estimate the ionization degree in molecular clouds, and a similar analysis can be applied to circumstellar disks. If we consider only the ionization balance determined by HCO + , H + 3 , DCO + and electrons in steady state as shown in Equation 14 of Caselli (2002) , the electron fractional abundance can be derived to be around 10 −7 . Of course, this value is only valid in the intermediate layer where HCO + is abundant and multiply deuterated H + 3 is less abundant than HCO + . Several important complications are also neglected in this analysis, including the presence of other atomic and molecular ions, neutral species besides CO which destroy H 2 D + , and negatively charged dust grains and refractory metals. Still, accurate measurements of DCO + and HCO + are the first steps toward an understanding of the ionization fraction in the disk. The increase of D/H ratios from inner to outer disk is generally consistent with the current theoretical models of the gas-deuterium fractionation processes that consider the effect of cold temperature. But the quick disappearance of DCO + at radii beyond 90 AU (comparing with R out around 200 AU for CO and HCO + ) is puzzling, since DCO + is expected to be abundant and observable in the cold outer region of the disk where HCO + is still available. More theoretical work is needed to explain the disappearance of DCO + in the outer part of the disk. Figure 11 shows the HCN J=3-2 channel maps, together with the best fit model and residuals. Table 3 lists the best-fit model parameters, and Figure 4 shows the radial distribution of column density derived. The χ 2 surface shown in the bottom panel of Figure 6 indicates R out 100±10 AU and p HCN −1.0±1.2. The radial power index is poorly constrained probably due to more complex distributions for HCN. A detailed comparison of the molecular distributions of HCN and CN will be presented elsewhere.
HCN and DCN
Although the best fit vertical parameters seem to indicate that HCN (σ m,HCN = 30) is found much deeper toward the midplane than is HCO + (σ m,HCO + = 10), we emphasize that we are not able to accurately constrain the vertical distributions from the present data. This ambiguity strongly affects the column density of HCN (i.e. Σ HCN (10AU)) needed to fit the data (not the power index p HCN of radial distribution). A worse fit to the data (χ 2 larger by 3σ over the best-fit model) can be obtained by assuming that the vertical distributions of HCN and HCO + are the same, but the HCN column density is 1.5 times larger than that needed for the best fit model due to higher density near the midplane.
The DCN J=3-2 transition is detected at a signal-tonoise ratio of 3 near the fitted HCN V LSR of 2.73 km s −1 (Figure 2 ). While this signal-to-noise ratio is not high, the significance of the detection is further supported by the channel maps (Figure 12 upper panel) where the velocity gradient along the disk position angle of ∼ −30
• is consistent with that seen in CO J=2-1 and J=3-2 (Qi et al. 2004 ) and the other molecular lines presented in this paper. Since the DCN 3-2 emission is weak, we are not able to fit for the molecular distribution and so make the simplifying assumption that the distribution of DCN follows that of HCN. As with H 13 CO + , we fit the DCN/HCN ratio over the whole disk and determine the DCN/HCN ratio to be 1.7±0.5 × 10 −2 . To again empha- -Iso-χ 2 surfaces of (Rout,p i ) for HCO + , DCO + (as in Model 2) and HCN. Contours correspond to the 1 to 6 σ errors. For DCO + , the index values larger than 3 at around 90 AU indicate the ratios of DCO + /HCO + larger than 1, so the χ 2 surface is not calculated beyond that.
size the impact of the assumed vertical distribution on the derived column densities, the DCN/HCN ratio could be as high as 5 × 10 −2 if HCN and DCN are distributed vertically over the same region as is HCO + . Highly fractionated DCN/HCN ratios have been measured in comets. In the coma of comet Hale-Bopp, for example, Meier et al. (1998) reported the ratio to be around 
× 10
−3 , but higher DCN/HCN ratios -(D/H) HCN,jet ≈0.025 are detected from the pristine material sublimed from icy grains ejected in jets from the nucleus which may present a more representative sampling of cometary ices that have not experienced significant thermal processing (Blake et al. 1999) . Such ratios are consistent with those found here in the TW Hydrae disk, indicating that high D/H ratios in comets could originate from material in the outer regions of disks where in situ deuterium fractionation is ongoing, rather than requiring an inheritance from interstellar material. by Stark et al. (1999) and in a prestellar core (L1544) by Caselli et al. (2003) . Both H 2 D + and D 2 H + have been detected toward another pre-stellar core 16293E via their ground-state submm rotational lines (Vastel et al. 2004) in the disk. We estimate the 1σ upper limit for para-D 2 H + 1 10 -1 01 to be 5.35 Jy beam −1 km s −1 with a beam of 3. ′′ 3 × 1. ′′ 3. The 1σ upper limit to the para-D 2 H + column density is estimated to be 9.0 × 10 14 cm −2 . This is less constrained than H 2 D + due to the relatively poor system sensitivity at 690 GHz.
For HDO 3 1,2 -2 2,1 , the 1σ upper limit is 0.10 Jy beam −1 km s −1 . Assuming an excitation temperature of 30 K, the upper limit for the HDO column density is 2.0 × 10 14 cm −2 . Since the lower state energy level of this line is nearly 160 K, it must originate from warm regions of the disk which are quite distinct from the cold layers where HDO ground state transition absorption, as found in DM Tauri , must arisealthough we note that the detection of the HDO absorption line in DM Tauri has been disputed by Guilloteau et al. (2006) .
SUMMARY AND CONCLUSIONS
Observations of deuterated species in circumstellar disks are important to understand the origin of primitive solar system bodies in that they can directly constrain the deuterium fractionation in the outer regions where cometary ices are likely formed. Spatially resolved observations of the D/H ratios in disks enable the comparison of the fractionation measured in comets such as HaleBopp (Blake et al. 1999 ) with the specific conditions at each disk radius. We have presented the first images of DCO + and DCN emission from the disk around a classical T Tauri star, TW Hydrae, along with images of the HCN and HCO + J=3-2 lines. The observations of deuterium fractionation serve as a clear measure of the importance of low-temperature gas-phase deuterium fractionation processes. These observations strongly support the proposed link among high gas densities, cold temperature and enhanced deuterium fractionation. Detailed chemical models are still needed to explain how DCO + disappears from the outer part of the disk. The similarity of the D/H ratios in cold clouds, disks and pristine cometary material has been used to argue that the gas spends most of its lifetime at low temperatures and is incorporated into the disks before the envelope is heated, i.e. before the Class I stage. By combining self-consistent physical models and 2D radiative transfer codes to interpret high spatial resolution millimeter-wave molecular images, we are only now beginning to investigate the radial and vertical distributions of molecules in disks. The radial distribution of DCO + in the disk of TW Hydrae indicates that in situ deuterium fractionation is ongoing. The molecular evolution within disks must therefore be considered in the investigation of the origin of primitive solar system bodies.
We have obtained less stringent constraints on the vertical distributions of molecules in the disk of TW Hydrae. To address the ambiguity present in the analysis of single objects, data from a robust sample of disks is needed, in particular one that covers a range of disk inclinations. More sensitive observations are also needed for the rare isotopologues H 13 CN, H 13 CO + and, of course, DCN, to understand the radial and vertical gradient of deuterated species in these disks. In the future, observations of DCN and other species with the Atacama Large Millimeter Array will provide further insight into the chemical state of protoplanetary disks.
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